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Context:Menopausehasbeenhypothesized tooccurwhen thenon-growing follicle (NGF) number
falls below a critical threshold. Age at natural menopause (ANM) can be predicted using NGF
numbers and this threshold. These predictions support the use of ovarian reserve tests, reflective
of the ovarian follicle pool, in menopause forecasting.
Objective: To investigate the hypothesis that age-specific NGF numbers reflect age at natural
menopause.
Design and Setting: Histologically derived NGF numbers obtained from published literature
(n218) and distribution of menopausal ages derived from the population based Prospect-EPIC
cohort (n4037) were combined.
Participants: NGF data were from single ovaries that had been obtained post-natally for various
reasons, such as elective surgery or autopsy. From the Prospect-EPIC cohort, women aged 58 years
and older with a known ANM were selected.
Interventions: None
MainOutcomeMeasure(s): Conformity between observed age atmenopause in the Prospect-EPIC
cohort and NGF-predicted age at menopause from a model for age-related NGF decline con-
structed using a robust regression analysis. A critical threshold for NGF number was estimated by
comparing the probability distribution of age atwhichNGFnumbers fall below this thresholdwith
the observed distribution of ANM from the Prospect-EPIC cohort.
Results: The distributions of observed age at natural menopause and predicted age at natural
menopause showed close conformity.
Conclusion: The close conformity observed between NGF-predicted and actual age at natural
menopause supports thehypothesis that that the sizeof theprimordial follicle pool is an important
determinant for the length of the individual ovarian lifespan and supports the concept of meno-
pause prediction using ovarian reserve tests, such as anti-Müllerian hormone and antral follicle
count, as derivatives of the true ovarian reserve.
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From conception to menopause, a dynamic decline inthe primordial follicle pool occurs within the human
ovary. It is postulated that the final menstrual period co-
incides with a decline of the follicle pool below a critical
threshold (1–4). At this threshold the ovary becomes in-
sufficient for maintaining the production of mature
oocytes within the framework of a menstrual cycle and
menopause, defined as the cessation of menstrual cycles,
occurs. Various models have been designed to determine
the rate of decline of the follicle pool with advancing age,
as well as to quantify the critical threshold for cycle ces-
sation, however no consensus has been reached thus far
(1–4).
In recent years research focused on providing methods
for individualized predictions of the age at natural meno-
pause (ANM) (5–7). It has been postulated that these pre-
dictions could be extended to predict the end of natural
fertility (8–10) and be used to identify women at greater
risk of cardiovascular and neurological disease (11, 12),
osteoporosis (13), or breast and intestinal cancer (14) due
to either early or late menopause.
Individual predictions of ANM have been based on
markers indirectly reflecting the size of the primordial fol-
licle pool such as anti-Müllerian hormone (AMH) (6, 7,
15–17). However, model imprecision limits their clinical
utility at the current time. The biological basis for these
prediction models is the assumption that the size of the
primordial follicle pool present at birth or later on in life
is the determining factor in age at menopause, and that
ovarian reserve tests may accurately capture this pool size
at any age (18). The association between the primordial
follicle pool number and age at naturalmenopause has not
been examined in detail, and follow up studieswill remain
elusive.
The aim of this current paper is therefore to investigate
the hypothesis that the size of the primordial follicle pool
is the main determinant for the length of the individual
ovarian lifespan. This is done by modeling the decline in
numbers of follicles with increasing age. A model for age
at menopause is then based on the number of primordial
follicles declining below a critical threshold for cycle ces-
sation. The distribution of predicted age at menopause
from thismodeling is comparedwith observed data on age
at menopause. Demonstrating a clear link between the
‘true’ ovarian reserve and age at natural menopause could
then provide some rationale for the use of ovarian reserve
tests in clinical practice.
Materials and Methods
Subjects
Twodatabaseswere used to investigate the above formulated
aim. For the purpose of creating predictions of age atmenopause
based on primordial follicle numbers, the nongrowing follicle
(NGF) database, as considered byWallace et al (19), was used to
estimate a model for the age dependent decline in the number of
primordial follicles. In this database the histologically derived
number of NGFs in human ovaries of eight different cohorts (1,
4, 20–25) were combined to form one large database. From this
database, a selection of cases was made for use in the present
analysis.
First, a selection was made based upon age at specimen col-
lection, with only data from ovaries obtained postnatally being
used. Furthermore, in cases where a single person provided two
ovaries, the mean number of NGFs from the both ovaries was
used in order to prevent overrepresentation of these cases. This
was in accordwith results ofHansen et al (4), were no significant
differencewas apparent in the number ofNGFs between left and
right ovaries collected from a single person. Considering the fact
that it is not practically possible to determine the amount of time
an ovary has been void of follicles, providing an age at the time
the ovary reached a NGF count of zero is not possible. Further-
more, it is not possible to determine that an ovary is actually
devoid of follicles. For these reasons, it was decided to exclude
zero counts rather thanmake arbitrary adjustments to these and
other low counts as was done with the data used by Wallace et
al (19). After applying these criteria, 218 cases provided NGF
counts from the equivalent of a single ovary, with the original
low counts being used without any adjustment.
The second database, providing the observed distribution of
ages at naturalmenopause, is the Prospect-EuropeanProspective
Investigation into Cancer and Nutrition (Prospect-EPIC) data-
base. A total of 17 357 women, aged 50 to 70 years, were re-
cruited between 1993–1997 from a nationwide breast cancer
screening program in the Netherlands (26, 27). Via extensive
questionnaires menopausal status as well as reproductive health
was assessed. Menopause was defined according to the World
Health Organization definition: the absence of spontaneous
menstrual bleeding for more than 12 months. For the current
study, a cross-sectional sample of women aged over 58 years at
study recruitment with a recorded natural menopause was se-
lected in order to prevent overrepresentation of women who
reach menopause at an early age. Including only women of age
over 58 years will ascertain that the full normal range of meno-
pausal ages has been recorded. Furthermore, exclusion criteria
were the use of medication interfering with menstrual cycles,
ovarian abnormalities or surgery, and surgery on the uterus pro-
hibiting menstrual cycles. Applying the above mentioned selec-
tion criteria reduced the total of available participants to 4037.
Analyses
The age dependent decline in NGF number was modeled us-
ing a robust regression methodology (28), as previously applied
(29). A natural logarithmic transformation of the NGF counts
was used to stabilize the residual variation inNGFnumbers. The
regression model for NGF counts contains linear and quadratic
(in age) components, giving it considerable generality in allowing
for accelerating rates of exponential loss of follicleswith increas-
ing age (negative quadratic term) and other possibilities such as
different rates of follicle loss between subjects (positivequadratic
term), as well as being similar to other modeling (2, 28). Fur-
thermore, the more general (than normal) skew-t distribution
permits a more critical assessment of the residual variation of
NGF counts about the estimated mean.
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Under the hypothesis that menopause occurs when the num-
ber ofNGFs falls belowa critical threshold, this regression based
model forNGF decline enabled the construction of a probability
distribution for age at menopause for a given threshold to be
derived from the following relationship:
Probability that NGF count at age y is below threshold 
probability that menopause has occurred before age y.
For this derivation of a distribution of ages atmenopause, the
residual standard deviation in the regression model (for NGFs)
was adjusted to allow for the possibility of excess variation in
NGF counts compared with variation in menopausal ages, as
was necessary in the previousmodeling of AMHandmenopause
(29).
This gives linked models for both age at menopause and de-
clining NGF count with increasing age. Maximum likelihood
estimation was then used with the Prospect-EPIC menopausal
age data and the NGF count data to estimate all model param-
eters, including the critical threshold NGF number.
Finally, individual prediction of age at menopause could be
made from a nomogram of age specific NGF percentile bands
constructed from the estimatedNGF regressionmodel (ie, a very
lowage specificNGFcountwould place awomanbelow the fifth
percentile, whereas a high age specific NGF count would place
her in a higher percentile band). Prediction of age at menopause
then follows from the corresponding percentiles of the estimated
distribution of menopausal ages.
All calculations were done using MATLAB® numerical
software.
Results
As described, the selection criteria reduced the size of the
NGF database from 325 cases to 218, and the size of the
Prospect-EPIC cohort from 17 357 to 4037 women. De-
tails of all the studies in theoriginalNGFdatabase, and the
number of remaining specimens in the adjusted NGF data
after applying our selection criteria are depicted in Table
1.
The follicle counts in the NGF data ranged between 9
and 402 018 per ovary. The age range of subjects at the
time of obtaining the ovary specimens was 0 to 51 years,
with more details given in Supplemental Table 1. The
mean age at menopause in the Prospect-EPIC data was
50.2years (AD4.2years),meanageat inclusionwas63.05
years (SD 3.4 years).
Textbox 1 shows all parameter estimates from the
model fitting. Figure 1 demonstrates the fit of the qua-
dratic regression model of log(NGF count) on age to the
NGF count data, showing the reducing mean and increas-
ing residual standard deviation with increasing age. The
mean function of age from the earlier NGF analysis (19) is
shown for comparison. The two mean functions are sim-
ilar for ages up to 45 years (with the Wallace et al (19)
mean within 95% confidence limits of the quadratic re-
gression), but diverge somewhat after that age due to the
different treatment of low counts in the data (R2 values
0.72 from the current analysis and 0.70 from the 2010
analysis).There was significant left-skewness in the distri-
bution of the residual variation from the regression of
log(NGF count) on age (p-value 0.001), suggesting that
these residuals were not normally distributed (ie, more
observations above the estimated mean than below it).
The negative quadratic component of the regression was
significant (p-value  0.001), corresponding to acceler-
ated decline in later years. There was also a significant
(p-value  0.001) increase in the residual standard devi-
ation of log(NGF count) with increasing age. This shows
that the logarithmic transformationhadovercompensated
for the heterogeneous variation in the untransformed
NGFdata (demonstrated inFigure 1by the gradual broad-
ening of the 90% probability range with increasing age).
The estimate of the value of the critical threshold of num-
ber of nongrowing follicles from a single ovary for the
occurrence of menopause was 498 NGFs.
Figure 2 shows the fit of the derived distribution of
menopausal ages, predicted by the number of nongrowing
follicles falling below this critical threshold, compared
with the observed menopausal ages in the Prospect-EPIC
data. Good agreement was observed between observed
and predicted ages at menopause. There was significantly
less variation (p-value0.001) needed to explain the vari-
ation in menopausal ages than that apparent from the
Table 1. Outline of case selection from the NGF database; # specimens NGF 2010 is the number of specimens
included in the original database; # specimens NGF 2015 is the equivalent number of single ovaries of cases 16 yr
included in the current analyses. (†original data referred to more specimens than those used in the 2010 database.)
Author Year
# specimens
NGF 2010 Age at NGF count Origin of specimens NGF counting method
# specimens
NGF 2015 Reason for exclusion of NGF 2015
Block 1952 86 6–44 yr Accidental death, suicide, acute illness/ infection Model based 43 Presence of two ovaries per woman
Block 1953 19 fetal Abortion Model based 0 Fetal specimens
Baker 1963 11 fetal Spontaneous abortion, unknown Beaumont & Mandl 0 Fetal specimens
Richardson 1987 9† 45–51 yr Elective surgery Model based 13 Postmenopausal women
Gougeon 1987 52 19–50 yr Surgery for various conditions Linthern- Moore 43 Presence of two ovaries per woman
Bendsen 2006 11 fetal abortion Bouin 0 Fetal specimens
Forabosco 2007 15 fetal- 1 yr Abortion, maternal disease Cavalleiri 1 Fetal specimens
Hansen 2008 122 0–51 yr Oophorectomy or donor specimens fractionator/ optical dissector 118 Fetal specimens and NGF counts of zero
Total 325 218
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regression analysis of log(NGF count) on age, with the
residual standard deviation from the regression analysis
reduced by an estimated factor of 0.70.
Figure 3 shows a nomogram in which the fifth, 10th,
25th, 50th, 75th, 90th and 95th age-specific percentiles of
NGF counts are depicted. The estimated critical threshold
in NGFs at which menopause occurs is also indicated in
this figure (498 follicles, see Textbox 1). Furthermore, the
corresponding percentiles of the distribution of age at
menopause derived from the NGF count are shown adja-
cent to the NGF percentiles.
Discussion
In this study we have demonstrated that the predicted age
at menopause based on the decline of the primordial fol-
licle pool shows close conformity with the observed age at
menopause. This close conformity supports the hypothe-
sis that the size of the primordial follicle pool is an im-
portant determinant for the length of the individual ovar-
ian lifespan.These results strengthen the current interest in
the prediction of age at menopause using markers reflect-
ing the ovarian pool of primordial follicles such as AMH
or AFC.
This study is the first to assess the relation between
predicted age at menopause based on the nongrowing fol-
licle pool and the observed age at menopause. Wallace et
al (19) did model NGF decline in relation to age using the
original NGF dataset. A NGF threshold of 1000 follicles
was used for the occurrence of menopause assuming a
mean age at menopause of 51 years. The threshold of 498
NGFs present in a single ovary estimated in the current
analysis is significantly lower (p-value  0.001) than the
threshold of 1000 follicles used in this previous publica-
tion.The difference heremost likely stems fromour sharp-
ened inclusion criteria for the ovarian specimens in cases
providing low NGF counts or NGF counts of zero, which
were set at anartificialminimumhigher than the estimated
NGF count in the data used by Wallace et al (19). In the














Figure 1. NGF counts (circles) from the 2015 data and (dots) from the
2010 data. The quadratic regression (solid line) fitted to the 2015 data
with 95% confidence intervals (dotted lines) and 90% prediction
intervals (dash-dotted lines). The Wallace-Kelsey model as fitted to the
2010 data is also depicted (dashed line).




























Figure 2. Observed distribution of menopausal ages from the
Prospect-EPIC data (solid line, N  4037) compared with the
distribution (dashed line, N  218) derived from NGF count falling
below a critical threshold, where close agreement is apparent.
























Figure 3. Nomogram showing 5% & 95% (dotted lines), 10% &
90% (dash-dotted lines), 25% & 75% (dashed lines) and 50% or
median (solid line) age-specific quantiles for NGF counts from the
fitted regression model. The corresponding percentiles of age at
menopause derived from NGF count falling below a critical threshold
are shown adjacent to these quantiles. The critical threshold (498
NGFs) is depicted by the faint solid horizontal line, while the faint
dotted lines indicate an approximate interquartile range when the
threshold is allowed to vary. As depicted in this Figure, a 34-year old
woman with 10 000 nongrowing follicles is destined to experience
menopause at approximately 48.1 year (circle), while a 39- year old
woman with an NGF count of 20 000 will become menopausal at an
age between 53.0 and 54.9 years (cross).
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current analysis, NGF counts of 0 were excluded but low
NGF counts were kept at their original numbers. This
resulted in the inclusion of a subset of lower NGF counts,
thereby pulling down the mean NGF count. This in turn
resulted in a lower estimate of theNGF threshold atwhich
menopause is expected tooccur.The effect of the inclusion
of lowerNGF counts is demonstrated in Figure 1were the
mean function of age is depicted for both the current
model and the2010model (19).Asdepicted, the twomean
functions are similar up to 45 years of age. However after
this age the lines diverge due to the lower NGF count
pulling down themean in the current analysis.We feel that
by including NGF counts at their original number, the
threshold as currently calculated more accurately repre-
sents the “true threshold”.
In order to get good agreement between the observed
and predicted ages atmenopause (as depicted in Figure 2),
the residual standard deviation from the regressionmodel
of log(NGF count) had to be reduced by a factor of 0.70
when constructing the NGF predictive distribution of age
at menopause. This excess variation in NGF could be due
to differences in NGF counting methods. Block et al (20)
counted nongrowing follicles in one slice of ovarian tissue
per 200 slices with a slice thickness of 20–40 m. Rich-
ardson et al (1) counted one slice per 100 with a slice
thickness of 10mwhereasGougeon et al (23) counted an
unknown number of slices with a thickness of 10 m.
Forabosco et al (25) consecutively sliced each ovary in one
1-m thick and 10 100-m thick slices and counted every
1 m thick slice, lastly, Hansen et al (4) sliced the total
ovary into slabs of 1 mm, selected 8 of these slabs to slice
them further into slices of 25m thickness and eventually
counted follicles in one in every 10 of these slices. Another
potential source of variation in NGF number is the dif-
ference in counting accuracy that could have originated
from technical developments. In the first papers included
in the NGF data (1, 20, 23) manual counting methods
were used, whereas in the papers by Forabosco et al (25)
and Hansen et al (4) an automatic counting method was
applied. However, since the first paper in the NGF data-
base was published in 1951 and the most recent in 2008,
the occurrence of some variation in counting methods is
almost inevitable.
The effect of excess residual variation inNGFcounts on
prediction of menopausal ages can be incorporated in the
modeling by having a variable critical threshold at which
menopause occurs that is positively correlated with NGF
counts. This would result in a higher critical threshold for
women with high NGF counts and a lower threshold for
women with low NGF counts. This is indicated in Figure
3 by an interquartile range for this variation which addi-
tional calculations suggest could be asmuch as 175 - 1357
nongrowing follicles.
A possible limitation of this study is the fact that data
from two different datasets were combined in order to
estimate the level of agreement between the observed and
predicted ages at menopause. The Prospect-EPIC study is
apopulation-based sampleof healthywomen, and is likely
to represent the distribution of age at menopause of a
Caucasian population. Unfortunately, no baseline char-
acteristics are available for the NGF dataset, hence limit-
ing thepossibility of checking the comparability of the two
datasets. Virtually all the ovarian specimens, although
macroscopically described as normal, were derived post
mortem or during gynecological surgery. As for the cases
in the post mortem group, causes for demise may be con-
sidered as not affecting ovarian reserve. However, the
group from which ovaries were obtained due to gyneco-
logical conditions, may introduce some bias.
To investigate if reasons for ovarian removal affected
the model estimates, a sensitivity analysis was performed
with the specimens categorized as being obtained from
postmortemcases (n88)whendeathhadoccurred“sud-
denly” (for instance in a motor vehicle accident), from
women providing specimens after gynecological surgery
(n 129) or for “other” reasons (n 1). This sensitivity
analysis was done by deleting subsets of data categorized
according to reason for ovarian removal from the full da-
taset and then redoing of the parameter estimation (note
that afterwards, the deleted data were replaced before de-
letion of the next subset of data). The variation between
the different estimates so obtainedwas assessed and found
to be a little more than might be expected from random
deletions (Supplemental figure 1). There is some con-
founding here in that the second (postsurgery) category
contained a preponderance of older ages, while a prepon-
derance of younger ages was apparent in the first (post
mortem) category, which would contribute to some of
these differences.A good level of qualitative similaritywas
apparent among the different estimates. Menopausal
threshold estimates were comparable, as was the signifi-
cant left-skewness in the distribution of (log) NGF resid-
uals. Also, the increasing standard deviation of these re-
siduals with increasing age was consistently apparent, as
was the observation that therewasmore variation inNGF
counts than necessary to describe variation inmenopausal
ages. This sensitivity analysis suggests that the NGF data
are sufficiently homogenous without any obvious biases
to justify the linking of these data with the Prospect-EPIC
data.
Another possible limitation of this study is the fact that
data on age at menopause were based on self- reporting,
making this prone to recall bias, as formany includedcases
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the life year inwhichmenopause occurred had been a long
time ago. However, a sufficient validity and reproducibil-
ity of estimating age at menopause based on these ques-
tionnaires has been reported in several studies (30, 31). In
one study comparing age at menopause derived from re-
peated questionnaires with a 7–9 year interval, the agree-
ment between initial and delayed recordingswas shown to
be high (31).
The strength of the current study is the fact that the
model provides some unique evidence regarding the pre-
diction of age at menopause from what is generally con-
sidered to be the true ovarian reserve.
Due to the inherent necessity to remove an ovary to
quantify the primordial follicle pool, it is not feasible to
assess, in vivo, the relationship between the true ovarian
reserve andnatural ageatmenopause.Hence,models have
been designed to predict age at natural menopause using
derivatives of this true ovarian reserve such asAMHor the
AFC, or proxy variables such as oocyte yield after ovarian
stimulation for IVF. (5, 6, 15–17, 29, 32–37) Yet no re-
search has been designed to investigate the assumption
made in these models that the size of the ovarian follicle
pool is indeed the determining factor in the occurrence of
menopause.
We do not see clinical utility for the NGF threshold/
nomogram in the prediction of menopause. With the re-
sults of the present study, demonstrating the link between
the size of the follicle pool and age at menopause, we have
provided some further rationale for the use of derivatives
of the true ovarian reserve in menopause prediction. Pre-
dictions that canpotentially beused in the identificationof
women at risk of early menopause.
Conclusion
This study has shown that the age dependent decline in the
number of nongrowing follicles can be used to construct a
distribution of age at naturalmenopause, which is close to
the observed distribution. This supports the hypothesis
that the size of the ovarian follicle pool is an indicator for
age atmenopause. It thereby provides support for the con-
cept of prediction of age at menopause using markers re-
flective of the true ovarian reserve, such as AMH or the
AFC.
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